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Abstract The interactions between oligonucleotides
and inorganic cations have been measured by capillary
zone electrophoresis. With increasing concentrations
of divalent cations (Ca2+, Mg2+, Mn2+ and Ni2+) in the
running buffer, the migration behavior was evaluated
by calculation of the binding constants. Besides these
fundamental studies of binding equilibria, different
buffer components, tris(hydroxymethyl)aminomethane
and 3-(N-morpholino)propanesulfonic acid, have been
investigated and their effects on metal ion binding
quantified.
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Introduction
With the completion of the Human Genome Project in
2003 [1], it is critical to understand in detail the mech-
anisms for the expression of the phenotype from the
genotype. It is clear that the modulation and control of
DNA expression is achieved through interactions both
with large biomolecules and with small molecules or
ions. Metal cations are ubiquitous and play an impor-
tant regulatory role through specific and nonspecific
interactions with negatively charged nucleic acids [2–4].
Solid-state structural characterization of DNA, RNA
or oligonucleotide complexes provides unambiguous
information about binding modes but caution is re-
quired in extending these results to equilibria in solu-
tion. There is a demand for rapid and precise analytical
methods for the quantification of metal ion–nucleotide
interactions under equilibrium conditions.
Methods for the quantification of nucleotide–metal
ion interactions can be classified as mixture-based
(spectroscopy, densimetry, potentiometry and calorim-
etry [5–7]) or separation-based (ultrafiltration–centri-
fugation, chromatography and electrophoresis). Affinity
capillary electrophoresis (ACE) is a powerful tool for
studying DNA–macromolecule interactions [8–10] and
the simplicity, speed and sensitivity of measurement
make it attractive for studying DNA–metal ion inter-
actions. Although ACE investigations of metal ion–
DNA interactions have been reported, only a few
studies describe the quantification of complex equilib-
ria. Apparent equilibrium constants have been deter-
mined for the interactions of Ag+ [11], Mg2+ [12], Ca2+
[12] and Fe2+ [13] salts with double-stranded DNA.
Two different modes of capillary electrophoresis,
electrophoretic mobility shift assay (EMSA) and
peak area evaluation, are commonly used. EMSA is
best suited to studying low-affinity complexes formed
under conditions of rapid equilibration and should be
ideal for measuring interactions of labile metal ions
with DNA, although all previous studies have uti-
lized peak area analysis. The specific features that
make EMSA appropriate to studying DNA–metal
ion interactions are (1) the fast kinetics, (2) the
moderate binding and (3) the fact that the ionic
mobility of the complex is significantly different from
that of the DNA itself.
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The different techniques used for studying DNA–
metal ion interactions have varying environmental
conditions. In particular, measurements have been
made in a variety of buffers, most of which contain
components (e.g., phosphate, amine) that can coordi-
nate to metal ions and form ternary DNA–metal ion–
buffer complexes. Most reported studies of DNA–
metal ion interactions have been performed in
tris(hydroxymethyl)aminomethane (Tris) which is
known to coordinate metal ions. As the ionic mobilities
of DNA, DNA–metal ion complexes and DNA–metal
ion–buffer ternary complexes will be different, EMSA
is an ideal technique with which to probe these inter-
actions in detail.
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In this paper, we describe the use of ACE for
investigating interactions between single-stranded
DNA (ss-DNA) or oligonucleotides and metal ions.
Apparent aggregation constants for the binding of
metal ions by the oligonucleotide have been calcu-
lated and the role of the buffer components Tris
and 3-(N-morpholino)propanesulfonic acid (MOPS;
Structure 1) investigated. Varying the oligonucleotide
sequence allows us to investigate the selectivity of
binding.
Materials and methods
Chemicals and reagents
All chemicals used were of analytical grade: acrylam-
ide, boric acid, CuCl22H2O, FeCl24H2O and K2S2O8
(Acros, Geel, Belgium); dimethyl sulfoxide (DMSO),
MnCl24H2O, NaOH, o-toluic acid (OTA), 3-(tri-
methoxysilyl)propyl methacrylate, Tris and ZnCl2
(Fluka, Buchs, Switzerland); FeCl36H2O (Riedel-de
Hae¨n, Buchs, Switzerland); MgCl2, MOPS and
N,N,N¢,N¢-tetramethylethylenediamine (Sigma, Buchs,
Switzerland); CaCl22H2O and NiCl26H2O (Merck,
Dietikon, Switzerland). The ss-DNA, 5¢-d(TTATT-
GACGCCGCTTTTTTTTTTT) and the tetranucle-
otides 5¢-d(AAAA), 5¢-d(GGGG), 5¢-d(TTTT),
5¢-d(CCCC) and 5¢-d(TCAG) were obtained purified
(high-performance liquid chromatography, HPLC)
from Microsynth (Balgach, Switzerland); the 24mer
strand was purified again immediately before use by
HPLC.
Apparatus
For the measurements in Tris buffer, a Crystal ATI
Unicam model 310 from PrinCE Technology (Emmen,
Netherlands) with a Spectra 100 UV detector from
Thermo Separation Products (Egelsbach, Germany)
was used; data were collected and analyzed with a
lDAQ AD modifier from Eagle Technology (Cape
Town, South Africa). For measurements in MOPS
buffer, a PRINCE 500 autosampler 2-LIFT from
PrinCE Technology (Emmen, Netherlands) with a
Spectra 100 UV detector from Thermo Separation
Products (Egelsbach, Germany) was used; data were
collected and analyzed with a PowerChrom 280 AD
modifier from eDAQ (Denistone East, Australia).
Uncoated fused silica capillary tubing from BGB
Analytik (Adliswil, Switzerland) with an internal
diameter of 50 lm, an effective length of 54 cm and a
total length of 67 cm or an effective length of 33.5 cm
and a total length 84 cm was used for all measure-
ments. The procedure reported by Hjerte´n [14] was
utilized for preparing a covalently bound layer of 3%
polyacrylamide (PAA) on the surface of the silica
capillary to prevent wall absorption.
Method
Capillaries were conditioned daily by flushing with
water for 10 min at 1,000 mbar and for 10 min with
buffer at 1,000 mbar. Before changing to measure-
ments with a different cation concentration in the
buffer, the capillary was washed for 10 min at
1,000 mbar with the plain buffer. The loading method
consisted of three programs: washing for 3 min at
1,000 mbar with buffer, injection for 0.1 min at
250 mbar with the sample and separation for up to
20 min at a potential of –30 kV (anode detection site)
with buffer.
Two different buffers, Tris and MOPS, were used.
The Tris buffer was prepared by mixing a solution of
Tris with boric acid (solid) to obtain a pH of 7.4 and
dilution to a final Tris concentration of 50 mM. For the
MOPS buffer, MOPS and 1 M NaOH were mixed to
give a pH of 7.4 and diluted to a final MOPS concen-
tration of 20 mM. The DNA (0.3 mM) and the internal
standard (OTA, 10 ll saturated solution diluted by
210 ll sample solution) were dissolved in water. The
metal salts were dissolved in the buffer solution to yield
stock solutions that were 10.0 mM in metal ion. These
were diluted stepwise by the buffer solutions to 0.5 mM.
On-capillary detection at 240 nm (MOPS) or 260 nm
(Tris) at the anode site was used and each measurement
was repeated three times for each sample.
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Results and discussion
Theory of ACE
ACE can be used to characterize noncovalent inter-
molecular interactions such as complexation or parti-
tion equilibria. We derive here the general relationships
between the mobility and equilibria for a system involv-
ing a solute L and a metal ion M that can form a 1:1
complex ML (Eq. 1):
M þ L ! ML ð1Þ
Binding constants (KB) can be calculated from an
evaluation of the variation of the net mobility of L with
metal ion concentration in the running buffer [15].
Derivation of the relationship between KB and l
The net mobility l is related to the mole fraction (xL)
and mobility (lL) of the ligand L and the mole fraction
(xML) and mobility (lML) of the complex ML (Eq. 2),
where the mole fractions have the conventional defi-
nitions in terms of the equilibrium concentration of the
ligand and the equilibrium concentration of the com-
plex (Eqs. 3, 4).
l ¼ xLlL þ xMLlML ð2Þ
xL ¼ L½ 
L½  þ ML½  ð3Þ
xML ¼ ML½ 
L½  þ ML½  ð4Þ
Combining Eqs. 2, 3 and 4 yields Eq. 5 in which the net
mobility is related to the equilibrium concentrations of
the species L, M and ML:
l ¼ L½ 
L½  þ ML½  lL þ 1 
L½ 
L½  þ ML½ 
 
lML
¼ 1
1 þ ML½ = L½  lL þ
ML½ 
L½  þ ML½  lML ð5Þ
For the 1:1 ML complex with stability constant KB
(Eq. 6), it follows that the net mobility is a function of
the equilibrium concentration of the analyte M (Eq. 7):
KB ¼ ML½ 
L½  M½  ð6Þ
l ¼ f M½ ð Þ ¼ lL þ KB M½ lML
1 þ KB M½  ð7Þ
In the case of more than one metal ion binding to the
solute to give complexes MnL, the experimental KB
will describe the macroscopic equilibrium and express
the sum of every possible interaction between M and
L. In the specific case of cooperative binding [15], the
net mobility is given by Eq. 8, and the mobility of the
complex, lMnL and the apparent stability constant, KB,
can be obtained from nonlinear curve fitting:
l ¼ lL þ KB M½ 
nlMn L
1 þ KB M½ n ð8Þ
To obtain the net mobility, l, from capillary
electropherograms, the time taken for the analyte
and a reference molecule to reach a certain point on
the capillary is determined (Eq. 9). Knowing the
separation potential (Usep in volts), the effective and
total length of the capillary (leff and ltot in centimeters)
and the experimental migration times of the analyte
and the electroosmotic flow (EOF in square
centimeters per volt per second tsample and tEOF in
seconds), we can calculate l using Eq. 9:
l ¼ leff  ltot
Usep
1
tsample
 1
tEOF
 
ð9Þ
Migration pattern
In this section, we comment on the empirical obser-
vations of the electropherograms of DNA and oligo-
nucleotides in the presence of metal ions and buffers.
All measurements were made at a constant total buffer
concentration, although the ionic strength changes as
the concentration of metal salt is varied. To calculate
the true mobility of the DNA (or oligonucleotide), a
noninteracting internal standard has to be added (an
inert and preferably neutral molecule, e.g., DMSO).
The use of a PAA-coated capillary not only prevents
wall absorption, but also suppresses the EOF. In Fig. 1
the influence of added metal ions on the mobility of the
reference molecule OTA and indirectly on the mag-
nitude of the EOF is shown. With increasing concen-
trations of metal ions in the running buffer, the
standard apparently migrates faster towards the anode
(Fig. 1a). In an independent experiment with OTA and
DMSO (an EOF marker) as analytes in the presence of
various concentration of metal ions, it was shown that
the ionic mobility is not influenced by the metal ion
concentration, despite a decrease in the EOF. The
decrease in ionic mobility of the DNA or oligonu-
cleotide induced by increased complexation to the
metal ion is significantly greater. The reduction in the
196 J Biol Inorg Chem (2007) 12:194–203
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electrophoretic mobility of the DNA is a measurable
quantity that reflects the change of the net DNA
charge due to coordination of metal ions. As the metal
ion concentration increases, the equilibrium tends to-
wards saturation and the metal complex is the domi-
nant DNA-containing species and the measured ionic
mobility is equal to that of the fullly complexed ss-
DNA strand. Despite the short length of the oligonu-
cleotide (four-base ss-DNA) in Fig. 1b, the change in
DNA charge compared with that of the reference
molecule is significant.
Buffer influence
Studies of DNA and oligonucleotides are invariably
made in buffer solution; however, the buffer compo-
nents are not benign and can form adducts with DNA
[16], metal ions [17–19] or metal–DNA complexes
[16, 20]. We initially considered Tris as a buffer as it
is commonly used as a medium for studies of metal
ion–DNA interactions with DNA [11, 12, 21] and is
particularly suitable for capillary electrophoresis
experiments owing to its low conductivity [22]. How-
ever, transition metal ions form complexes of rea-
sonable stability with Tris [20, 23–29] and ternary
M(DNA)(Tris) complexes with oligonucleotides or
DNA [16, 20]. Measured macroscopic KB values in
the presence of a large excess of buffer will relate to
mixtures of species. We therefore selected MOPS as
our standard buffer for two reasons; firstly, it is
known that complexes of MOPS with group 1 and
group 2 metal ions are only of marginal stability in
aqueous solution, although transition metal complexes
are of similar or greater stability than those with Tris
[20, 30] and, secondly, although the zwitterionic or
anionic character of MOPS stabilizes the binary
complexes with transition metal ions, it also destabi-
lizes ternary complexes with negatively charged oli-
gonucleotides or DNA (Table 1). This prediction has
been quantified for ternary complexes of MOPS or
Tris with AMP, ADP or ATP, where (1) compared
where metal ion–nucleotide complexes, the ternary
complexes with Tris are an order of magnitude more
stable than those with MOPS and (2) the larger the
negative charge on the nucleotide, the less stable is
the ternary complex with MOPS [20, 30].
Figure 2 shows that the choice of buffer has a
significant effect upon the ionic mobility of the DNA–
metal ion solutions and that with a given buffer the
behavior is further modulated by the specific metal ion
present. The ionic mobility in the absence of metal salt
is the same in both buffers, indicating that the same
solution species are present—in other words, DNA–
buffer complexes are not important in our experi-
mental conditions. In the next section we present the
analysis of the electrophoretic behavior in such
systems.
Fig. 1 Capillary electropherograms in a 50 mM tris(hydroxym-
ethyl)aminomethane (Tris), pH 7.4, 24-base single-stranded
DNA (ss-DNA) with Ca2+ in the running buffer and b 20
mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.4,
5¢-d(TCAG) with Ni2+ in the running buffer. Separation voltage
of –30 kV; o-toluic acid (OTA) was used as an internal standard;
capillary, fused silica coated with 3% polyacrylamide (PAA)
Table 1 Binding constants of the 24mer nucleotide measured
in 3-(N-morpholino)propanesulfonic acid (MOPS) and tris
(hydroxymethyl)aminomethane (Tris) buffers
Metal cation MOPS Tris
KB · 105 (M–2) KB · 103 (M–1)
Ca2+ 8.49 ± 2.24 1.36 ± 0.10
Mg2+ 7.75 ± 1.75 1.75 ± 0.10
Mn2+ 5.70 ± 1.63 1.81 ± 0.14
Ni2+ 9.85 ± 1.75 1.41 ± 0.92
Experimental conditions as in Fig. 2. Note that the apparently
large differences in stability are, in part, a function of the dif-
ferent dimensionality of the KB values
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Detailed analysis and quantification
of electrophoretic behavior
For a detailed interpretation of the differences be-
tween the two buffers, we need, in principle, to discuss
the various possible equilibria in a solution containing
DNA, metal and buffer (Eqs. 10, 11, 12, 13, 14, 15, 16):
M + (BUFF)M(BUFF) ð10Þ
M + DNAM(DNA) ð11Þ
M(BUFF) + DNAM(BUFF)(DNA) ð12Þ
(BUFF) + DNA (BUFF)(DNA) ð13Þ
M + (BUFF)(DNA)M(BUFF)(DNA) ð14Þ
M(BUFF) + (BUFF)(DNA)M(BUFF)(DNA) ð15Þ
M(DNA) + (BUFF)M(BUFF)(DNA) ð16Þ
Our experiments allow the determination of the
overall stability constant K0B for the formation of the
ternary (or binary) complex (Eq. 17) and require no
detailed knowledge of the speciation of the starting
metal ion–buffer solution or the nature of DNA–buffer
complexes. The overall stability constant K0B is simply
the product of the usually quoted stability constants for
Eqs. 11 and 16 [20, 30]:
DNA + M + (BUFF)M(BUFF)(DNA) ð17Þ
K
0
B ¼
M(DNA)(BUFF)½ 
M½  DNA½  BUFF½ 
The mobility is given by Eq. 18 (cf. Eq. 2), with the
assumption that DNA–buffer complexes make a min-
imal contribution [16]:
l = xðDNAÞlðDNAÞ + xMðDNAÞðBUFFÞlMðDNAÞðBUFFÞ ð18Þ
The overall binding constant K0B (Eq. 16) is related to
the mobility by Eq. 19, which is simply an extension of
Eq. 7 to the ternary system. The buffer is in large
excess and the concentration remains essentially
constant at all concentration of the metal. For
multiple metal binding sites it necessary to substitute
[M]n and [BUFF]n in Eq. 19:
l ¼ f M½ ð Þ ¼ lDNA þ K
0
B M½  BUFF½ l DNAð Þ Mð Þ BUFFð Þ½ 
1 þ K0B M½  BUFF½ 
ð19Þ
We now consider the case of the binding of nickel(II)
in detail and demonstrate the true stoichiometry of the
reaction. At higher metal ion concentrations, the
mobility in Tris has reached a plateau value and in
MOPS is close to this. The plateau mobility represents
the mobility of the metal ion saturated DNA. Excess
nickel(II) will be predominantly present as nickel–
buffer complexes (10 mM Ni(II), 50 mM Tris, 17%
Ni(aq)2+, 46% Ni(Tris)2+, 37% Ni(Tris)2
2+ [20, 23, 24,
26, 28, 29]; 10 mM Ni(II), 20 mM MOPS, 7% Ni(aq)2+,
Fig. 2 Running buffer: red
50 mM Tris buffer (pH 7.4),
black 20 mM MOPS buffer
(pH 7.4); sample 24mer ss-
DNA, 5¢-d(TTATTGACGC
CGCTTTTTTTTTTT);
separation voltage –30 kV;
capillary, fused silica coated
with 3% PAA, 67 cm/54 cm/
50 lm (red; total length/
effective length/diameter),
84 cm/33.5 cm/50 lm (black)
198 J Biol Inorg Chem (2007) 12:194–203
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93% Ni(MOPS)2+ [30, 31]) and the nickel(II) com-
plexes could be binary or ternary, with the former
favored by MOPS and the latter by Tris.
In the case of the Tris buffer, the change in mobility
from zero metal ion concentration to the plateau value
Dl is 1.0 · 10–4 cm2 V–1 s–1. The less negative value of
l confirms that the nickel–DNA complex has a less
negative charge than the DNA. The absolute value of
the mobility is given by Eq. 20 (where q is the charge, r
is the hydrodynamic radius and g is the viscosity of the
medium):
l ¼ q
6prg
ð20Þ
The change in mobility is given in Eq. 21, where Dq
is the change in charge of the DNA between the
metal-free and metal-saturated forms, making the
assumptions that the viscosity of the solution remains
the same [32] and that the hydrodynamic radii of the
DNA and the DNA–nickel complexes are the same
[33]:
Dl ¼ Dq
6prg
ð21Þ
Solving Eq. 21 using the experimental value for Dl in
Tris of 1.0 · 10–4 cm2 V–1 s–1 and 0.9 · 10–3 kg m–1 s–1
for g [34], we obtain Eq. 22:
Dq ¼ 1:7  1010rC ð22Þ
As Tris is a neutral ligand, regardless of the forma-
tion of ternary or binary complexes the change in
charge per nickel ion bound is +2 (at pH 7.4, hydroxy
complexes can be discounted) and Dq is simply 2n,
where n is the number of nickel ions bound. Using a
value of 1.1 nm for the hydrodynamic radius of a single
strand [33], we obtain Dq = 1.9 · 10–19C, and dividing
by the elementary charge of 1.6 · 10–19 C, we obtain a
difference between the DNA and nickel–DNA com-
plex of 1.2 charge units. In view of the gross assump-
tions made in this calculation, together with the
expectation that the ss-DNA conformation is likely to
be complex, possibly with a minihairpin at the 5¢-
d(CGCCG) motif, this is a minimum value and we can
state that the nickel–DNA complex in Tris buffer has a
1:1 metal–DNA stoichiometry, although we cannot
state whether it is a binary or a ternary complex.
A comparison of the mobility shifts for the nickel–
DNA system in Tris and MOPS buffers is most infor-
mative. In MOPS buffer the plateau value for Dl is
about twice that for Tris buffer, which means that the
change in charge is also twice that in Tris. On the basis
of a 1:1 complex in Tris, we conclude that in MOPS
either four {Ni(MOPS)}+ or two Ni2+ units are coor-
dinated to the DNA. The former is unreasonable, in
terms of both speciation and the known destabilisation
of MOPS ternary complexes and we conclude that the
saturated species in MOPS buffer is a Ni2(DNA) spe-
cies although small amounts of the ternary species
could be present. The difference in behavior is prob-
ably partly steric in origin—Tris acts as a terdentate
N,O,O donor [35, 36] and the molecular volume of a
{Ni(Tris)(H2O)2} moiety is 158 A˚
3 compared with
100 A˚3 for {Ni(H2O)5}.
Tetranucleotides—specific interactions
In the previous section we discussed the behavior of a
24mer ss-DNA with metal ions and analyzed the
interactions with nickel(II) in detail. It is not appro-
priate to discuss the site of metal ion binding in detail.
In an attempt to investigate metal–DNA interactions
in a more systematic way, we studied the behavior of
the tetranucleotides 5¢-d(AAAA), 5¢-d(GGGG), 5¢-
d(CCCC), 5¢-d(TTTT) and 5¢-d(TCAG). Rather sur-
prisingly, very little is known about the solution or the
solid-state conformation of tetranucleotides in the ab-
sence of a complementary strand. In particular, the
tetranucleotides we selected are expected to be single-
stranded and flexible in solution and certainly will not
adopt a DNA duplex structure [37, 38].
Metal ions can stabilize or destabilize the duplex
forms of A-DNA or B-DNA [13]. There are a number
of different potential binding sites for metal ions at the
DNA: the most likely are the phosphate groups and N7
of the purine bases adenine and guanine (Scheme 1a,
b) [7, 39]. The higher electronegativity of N7 of
guanine is responsible for stronger interaction with
cations than other nitrogen donors within the hetero-
cycles [40, 41]. Hard cations prefer to bind to the
phosphate group of the backbone, whereas softer ca-
tions, such as transition metal dications, preferentially
interact with the nitrogen donor of the purine bases.
Binding of the metal ions may be direct or indirect
through water molecules, and coordinated water li-
gands can provide additional bridging interactions to
other bases [7, 39, 42, 43]. It has been shown that
nickel(II) has a particular preference for binding to the
N7 terminal or outlooped guanine sites of B-form
DNA [39, 44–53]. Although at pH > 8, transition
metals can generate M–DNA in which cations replace
the imino protons (Scheme 1c), this is not likely to be
relevant under our experimental conditions [54].
Uniquely, in the case of 5¢-d(GGGG), there is
also the possibility of forming a guanine quadruplex
J Biol Inorg Chem (2007) 12:194–203 199
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through Hoogsteen hydrogen bonding which can be
further stabilized by binding a metal ion such as K+
[55]. The most stable structures are obtained with
potassium or strontium ions and the stabilizing influ-
ence is in the sequence K+  Na+ > Rb+ > Cs+  Li+
and Sr2+  Ba2+ > Ca2+ > Mg2+ [56]. It has been re-
ported that Li+ [57] and transition metal dications [58]
destabilize the quadruplex structure. We now describe
the electrophoretic behavior of the tetranucleotides in
the presence of various metal ions.
Figure 3 gives an overview of the migration pat-
terns of the various tetranucleotides in the presence
of metal cations. The starting point for the discussion
is the mobility in the absence of added metal ions
(although, of course, sodium is present in the buffer).
The four tetranucleotides 5¢-d(AAAA), 5¢-d(CCCC),
5¢-d(TTTT) and 5¢-d(TCAG) all have a mobility of
–3.0 ± 0.05 cm2 V–1 s–1, whereas 5¢-d(GGGG) has a
mobility of –4.0 cm2 V–1 s–1. The electrophoresis
provides clear evidence for the presence of different
species in the solution of 5¢-d(GGGG) from the spe-
cies in solutions of the other tetranucleotides (N4).
However, it is possible to comment further on the
nature of the solution species. The increased mobility
of the 5¢-d(GGGG) species results from an increase in
the charge-to-hydrodynamic radius ratio compared
with that of a single-stranded tetranucleotide. From
Eq. 20 it follows that the ratio of the mobility of
5¢-d(GGGG) (G4) to N4 is given by Eq. 23 (assuming
the viscosity of the solutions is constant):
lðG4Þ
lðN4Þ ¼
qðG4Þ
qðN4Þ
rðN4Þ
rðG4Þ ð23Þ
For a Gn multiplex, assuming a common hydrody-
namic radius of single-stranded G4 and N4, we obtain
Eq. 24:
lðG4Þ
lðN4Þ ¼
4
3
¼ n rðN4Þ
rðG4Þ ð24Þ
The best solution is for a quadruplex with n = 4,
where the calculated ratio r(N4)/r(G4) of 1/3 is close to
that calculated from a simple model based on cylinders
of fixed radius (1/2.414) and that observed in solid-state
structural determinations of sequences with guanine
quadruplexes.
The pyrimidine tetranucleotides 5¢-d(CCCC) and
5¢-d(TTTT) show essentially similar behavior with ex-
trapolated plateau values in the presence of Mg2+ or
Ca2+ being reached at lower metal ion concentrations
than with Ni2+. Extrapolation to the final plateau
mobilities is not reliable for Ni2+, but the data (in
particular the estimated Dq) are compatible with the
binding of a single metal ion per nucleotide. We sug-
gest that the binding site is the phosphate, compatible
with the higher stability of the complexes with the
harder Mg2+ and Ca2+ ions.
The trend for the pyrimidine tetranucleotides is re-
versed for 5¢-d(AAAA), with the mobility reaching a
plateau at lower metal ion concentrations in the pres-
ence of Ni2+, indicating a greater stability for the nickel
complex compared with the calcium and magnesium
complexes . The curves for Mg2+ and Ca2+ are very
similar to those for the pyrimidine tetranucleotides.
These observations are compatible with binding of
calcium or magnesium at the phosphate and nickel at
the purine although the KB values are the same within
experimental error (Table 2).
Very different behavior is observed for the tetra-
nucleotide 5¢-d(TCAG), where the change in mobility
in the presence of Ni2+ is double that for Ca2+ and
Mg2+ and the extracted stability constant for the nickel
complex is significantly larger than that for calcium or
magnesium. As the mobility of 5¢-d(TCAG) in the
absence of added metal ion is the same as that of 5¢-
d(CCCC), 5¢-d(AAAA) or 5¢-d(TTTT), the different
behavior in the presence of nickel is not due to dif-
ferent starting structures of the tetranucleotides. This
behavior is almost certainly associated with the binding
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Scheme 1 a Guanosine monophosphate, b thymidine mono-
phosphate, c M–DNA (thymine) with an imino group and d
guanine quadruplex. In a and b the potential donor atoms are
indicated in red
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of nickel to the N7 of the terminal guanine. We ten-
tatively suggest that a second nickel is interacting with
phosphate.
In the case of 5¢-d(GGGG) the behavior is very
different. We have already commented upon the dif-
ference in mobility in the absence of metal salt being
compatible with the presence of the guanine quadru-
plex in solution. The three metal ions Ni2+, Mg2+ and
Ca2+ all give very similar changes in mobility and the
change in charge to radius ratio is significantly larger
than is observed with the other nucleotides. The change
in mobility is 2 · 10–4 cm2 V–1 s–1 at the plateau value
Fig. 3 Mobility shifts of
tetranucleotides (0.3 mM) in
the presence of various
concentrations of metal salts
(20 mM MOPS running
buffer). a 5¢-d(AAAA),
b 5¢-d(GGGG), c 5¢-
d(CCCC), d 5¢-d(TTTT) and
e 5¢-d(TCAG) all in the
presence of various
concentrations of Mg2+ (red),
Ca2+ (black) and Ni2+ (blue).
f A comparison of the five
tetranucleotides in the
presence of Ni2+
Table 2 The interactions between the single-stranded DNA and Ca2+, Mg2+, Ni2+ and Mn2+ with 20 mM MOPS at pH 7.4
KB
Ca2+ Mg2+ Ni2+
5¢-d(AAAA) 128 ± 14 M–1 177 ± 8 M–1 220 ± 10 M–1
5¢-d(CCCC)¢ 115 ± 7 M–1 118 ± 9 M–1 204 ± 16 M–1
5¢-d(GGGG) 19.7 ± 5.54 · 105 M–2 17.4 ± 4.19 · 105 M–2 18.7 ± 3.80 · 105 M–2
5¢-d(TTTT) 221 ± 26 M–1 187 ± 32 M–1 261 ± 20 M–1
5¢-d(TCAG) 140 ± 13 M–1 104 ± 8 M–1 10.1 ± 2.52 · 105 M–2
Experimental conditions as in Fig. 1. Value in italics were calculated on the basis of a 1:2 stoichiometry (ligand to metal)
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and using a value for the hydrodynamic radius of the
quadruplex of 3 · 1.1 nm (see earlier), the calculated
Dq value is 4, strongly indicating that the quadruplex
binds a metal ion at each of the two termini.
Finally, it is useful to compare the behavior of the
five tetranucleotides with the single metal ion, Ni2+
(Fig. 3f). This clearly shows that (1) the overall changes
in mobility for the three tetranucleotides 5¢-d(CCCC),
5¢-d(TTTT) and 5¢-d(AAAA) are very similar, (2) that
the changes in mobility for 5¢-d(TCAG) and 5¢-
d(GGGG) are very similar and (3) the overall change
for 5¢-d(TCAG) and 5¢-d(GGGG) is twice that of 5¢-
d(CCCC), 5¢-d(TTTT) or 5¢-d(AAAA). These obser-
vations are in accord with the proposals above.
Conclusion
We have shown that ACE may be used to investigate
the interactions of oligonucleotides with metal ions.
Initial studies have indicated that the choice of buffer
solution is critical and that the commonly used Tris and
MOPS buffers bind transition metal ions by introduc-
ing additional equilibria into the solution phase. The
observed binding affinities of oligonucleotides for
group 2 and transition metal ions may be rationalized
in terms of a two-site binding model involving phos-
phate and nitrogen donors in the nucleotide and
quantified using limiting mobility values. Anomalous
results with 5¢-d(GGGG) are interpreted in terms of a
quadruplex. In short, ACE methods provide a great
deal of information in rapid experimental procedures
and we are currently investigating environmental
variables in detail to determine whether the method
may be used for the extraction of ‘‘conventional’’
binding constants for metal ion–DNA interactions.
Principally chip measurements with short separation
lengths of 2.5 cm are feasible; however, more suitable
buffer components (UV permeability) for a higher
sensitivity have to be found to measure a complete
titration row and thus more precise KB values.
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